ABSTRACT: Weaning of piglets causes stress due to environmental, behavioral, and nutritional stressors and can lead to postweaning diarrhea and impaired gut development. The diet changes experienced during weaning require extensive adaptation of the digestive system. A well-developed piglet that had creep-feed experience before weaning performs better after weaning. In the current study, the effect of providing sow-fed piglets with a supplemental nutrient-dense complex milk replacer (NDM) on gut development and growth performance was studied. Litters of sows with similar parities (3.6 ± 0.8) and similar numbers of live born piglets (13.5 ± 0.3) were assigned to 1 of 2 groups: 1 group of piglets had ad libitum access to NDM from Day 2 through 21 after birth, whereas the other group was used as controls. Nutrient-dense complex milk replacer-fed piglets were shown to be significantly heavier after 21 d of supplementation compared with the control piglets. At Day 21, 3 piglets from each litter were euthanized for morphological and functional analyses of the intestinal tract. The small intestines of NDM-fed piglets had significantly higher weights (g) as well as significantly higher relative weight:length ratios (g//cm) compared with the small intestines of control piglets (P < 0.05). Morphometric analysis demonstrated that villi length and numbers of goblet cells did not differ between groups. However, NDM-fed piglets had deeper crypts (P < 0.001) and an increased expression of the cell-proliferation marker proliferating cell nuclear antigen in crypts (P < 0.05), suggesting higher cell-proliferation rates. The gene encoding IGF-1 showed a tendency to higher gene expression in the jejunum from NDM-fed piglets (P = 0.07) compared with the jejunum from control piglets, suggesting that IGF-1 might be involved in the regulation of cell proliferation and intestinal growth. Finally, as a result of dietary fiber in NDM, piglets showed significantly increased concentrations of metabolic fermentation products. This suggests differences in metabolic activity in the colon between treatment groups. In conclusion, providing sow-fed piglets with NDM before weaning stimulates intestinal proliferation, leading to increased circular growth. Nutrient-dense complex milk replacer supplementation might, therefore, help piglets through the transition period at weaning by increased BW and increased capacity for uptake of nutrients.
INTRODUCTION
Nutrition is critical to neonatal piglets for energy provision, intestinal development, and production of paracrine and endocrine regulators that modulate the intestinal development (Trahair and Sangild, 1997; Lallès et al., 2007; Guilloteau et al., 2010; Jacobi and Odle, 2012; Słupecka et al., 2012) . Intestinal development involves cylindrical growth in both length and diameter of the intestine as well as luminal mucosal growth with amplification of the internal, epithelial surface (Cummins and Thompson, 2002) . Several growth factors, such as IGF, epidermal growth factor, and transforming growth factor interact with specific receptors in the gut to mediate mucosal cell proliferation and differentiation (Trahair and Sangild, 1997) . Early-life conditions affect intestinal development and microbial colonization, making the early phase of life critical for intestinal development under farm production circumstances (Schokker et al., 2014) . Providing supplemental liquid milk replacer before weaning will increase weaning weight (Wolter et al., 2002; Park et al., 2014) . Creep feeding has the dual function of aiding in the adaptation from liquid to solid feed as well as providing nutrients later in lactation when sow milk production cannot adequately meet the needs of her litter, thus easing the transition period of weaning for piglets (Azain et al., 1996) . This will result in better animal performance after weaning and improved intestinal development. The objective of this study was to evaluate the effects of a nutrient-dense complex milk replacer (NDM; Milkiwean Yoghurt; Trouw Nutrition Hifeed BV, Boxmeer, The Netherlands) with a high nutrient content on growth, development, structure, and function of the intestine of nursing piglets. The product is offered as a supplement to suckling piglets to test the animal production concept that a good life start determines life performance.
MATERIALS AND METHODS
The animal part described in the present study was conducted at the Nutreco Swine Research Centre (Sint Anthonis, the Netherlands) and was approved by the Animal Care and Use Committee of Utrecht (number 2012.III.05.041).
Animals, Housing, and Feeding
Farrowing was induced in 10 Hypor Libra (Hypor, Boxmeer, The Netherlands) sows (first to sixth parity) on Day 115 by injection of PGF2α (Dinolytic; Zoetis Inc., Florham Park, NJ) to standardize gestation length. Average litter size was 13.5. Cross-fostering was minimized and applied only on Day 1 to obtain 13 to 14 piglets per sow and to obtain a similar average birth weight per litter for control and treatment litters. This resulted in average birth weights of 1.34 ± 0.04 kg for the control group and 1.31 ± 0.04 kg for the treatment group. All piglets (n = 135) were individually weighed and identified immediately after parturition with an ear tag. At Day 6, all piglets received a 200-mg intramuscular injection of iron (Serumwerk Bernburg AG, Bernburg, Germany). On d 1, litters were assigned to treatment groups balanced for sow parity. Litters (n = 5) Table 1 ). Nutrient-dense complex milk replacer is a powder that was diluted 2.5:1 (wt/vol) with warm water (40°C) to achieve a thick fluid with a high amount of DM (400 g/L) that was manually served from Day 2 to 21 in a round plastic bowl twice a day (0700-0800 and 1500-1600 h) in addition to sow's milk. The NDM was supplemented with 0.3% chromium dioxide to assess the intake of individual piglets by visual inspection of green coloration of feces. Scoring the extend of green coloration of feces allows the animal caretakers to discriminate piglets that do not eat NDM (no green color) from piglets that ate a lot of NDM (very green feces) and putatively intermediate categories with less green coloration of feces. Litters in the control treatment group (n = 5) did not receive a milk or feed supplementation during the same period. Body weight of piglets was determined at birth, 24 h after birth, and at 7, 14, and 21 d of age. Colostrum intake was calculated using a modified equation of Devillers et al. (2004) . Uptake of NDM, mortality of piglets, feed intake per sow per day, and piglet feces consistency scores were registered during the experiment.
Sample Collection and VFA Measurements
At Day 21, from each sow, 3 piglets were selected that had shown good colostrum intake, were not crossfostered, were in good health, and had taken up the highest amount of NDM. This was based on the coloring of feces. The same selection was performed for control piglets with the exception of NDM uptake, because control animals were not fed NDM. The selected piglets were sacrificed to collect intestinal samples. Piglets were euthanized by intravenous injection of pentobarbiturate (Euthasol; Virbac Animal Health, Carros-Cedex, France) into the ear vein and subsequent exsanguination of the animals. Length and weight of the small and large intestine were determined. A colon sample was analyzed for butyrate concentrations as well as for VFA. Butyrate concentrations were determined after extraction with diluted sulfuric acid, using HPLC exclusion chromatography with UV and/or infrared detection as described by Canale et al. (1984) . Volatile fatty acid analysis was performed at MasterLab (Boxmeer, The Netherlands). Tissue samples from the duodenum, mid jejunum, ileum, and colon were collected, pinned on cork, and fixed in 10% formalin for histological examination. Punch biopsies were fixed in 2% glutaraldehyde for scanning electron microscopy. Scrapings of the proximal, mid, and distal jejunum were collected, snap frozen in liquid nitrogen, and stored at -80°C for gene expression analysis.
Gut Permeability (Everted Sac)
In vitro permeability measurements were done with the "everted gut sac technique." A segment of 20 cm of the proximal jejunum (weight and length was recorded) was taken immediately after euthanasia and washed with PBS (with 5 mM glucose), a small crochet needle was inserted into the lumen of the intestinal segment, and a ligature was applied at the tip of the intestine. Subsequently, the needle was gently retracted causing the inversion of the intestinal segments. The end piece with the ligature was removed, and the bottom of the sac was closed with a new ligature. The other end of the sac was attached to a reservoir with PBS/glucose solution placed at approximately 30 cm elevation over the intestines to create a constant pressure with which the sac was inflated. Following inflation, the sac was closed. For measuring permeability, the everted gut sacs were incubated in an oxygenated PBS solution containing 18 g Co-EDTA/L and 3.6 g patent blue/L for a period of 1 h at 39°C. At the end of this period, the sac contents were collected with a syringe and stored at -20°C for measurement of Co-EDTA leakage through the small intestinal wall. Patent blue was measured with spectrophotometry at 640 nm. The sample was incinerated at 500°C and dissolved in hydrochloric acid. Thereafter, cobalt in this solution was measured by means of inductively coupled plasma mass spectrometry.
Histology
Formalin-fixed samples were embedded in paraffin, sectioned at a 5-μm thickness, and stained with hematoxylin and eosin for histologic examination and to determine villus length, crypt depth, and relative mucosa length, that is, the mucosa epithelial surface length/serosa surface length. The number of goblet cells was determined by counting the number of all Periodic acid-Schiff/ alcian blue-positive cells in the mucosa in 1 microscopic field at 10x objective power and expressed as number of cells per millimeter mucosa height. Proliferating cell nuclear antigen (PCNA) is a cell proliferation marker expressed by cells throughout the S to M phases of the cell cycle (Yu et al., 1992) . Proliferating cell nuclear antigen was detected by immunohistochemistry using a monoclonal antibody against recombinant rat PCNA (PC-10; Dako Netherlands BV, Heverlee, Belgium). Briefly, paraffin-embedded tissue sections were dewaxed in xylene, washed, and incubated with the monoclonal antibody PC-10 at a 1:200 dilution overnight at 4°C. Endogenous peroxidase was inhibited by incubation in 1% H 2 O 2 in 0.1 M Tris-HCl. The sections were then incubated with the biotinylated secondary antibody followed by peroxidase-conjugated streptavidin for 30 min each. Peroxidase activity was detected using 0.05% diaminobenzidine in 0.1 M Tris-HCl (pH 7.5) containing 0.01% H 2 O 2 . The slides were examined using light microscopy to detect the dark-brown nuclear staining of PCNA-positive cells. Cell proliferation activity in the mucosa of the jejunum and ileum was determined by measuring the area with dark-brown staining in the epithelial layer in 1 microscopic field at 10x objective magnification and expressed in square millimeters per millimeter serosa length. All morphometric measurements were performed by using the image analysis software Image Pro Plus 7 (Media Cybernetics, Silver Spring, MD) and statistical analysis was performed with a 2-sided unpaired t test.
Gene Expression Analysis (Reverse Transcriptase-PCR)
Small intestinal scrapings from jejunum mucosa were homogenized in Trizol (Invitrogen, La Jolla, CA) and subsequently purified using Direct-Zol columns (Zymo Research, Irvine, CA) according to manufacturer's instructions. Two hundred nanograms of RNA was used to synthesize cDNA in a reaction containing 25 ng/μL random primers (Promega, Madison, WI), 10 mM deoxyribonucleotide triphosphates (Promega), 10 mM dithiothreitol (Invitrogen), 40 units RNasin (Promega), and SuperScriptIII Reverse Transcriptase (Invitrogen) according to manufacturer's instructions. Complementary DNA was diluted 20 times for (quantitative PCR) analysis. Primers were designed using PrimerExpress software (Applied Biosystems, Foster City, CA), except for the porcine reference genes that were ordered at geNorm (Sequenom Inc., San Diego, CA). Insulin-like growth factor 1 was amplified using IGF-1-FW, CCTGCGCAATGGAATAAAGTC, and IGF-1-REV, GCAAAGTCTGGAAATGAATTGGT, whereas IGF-2 was amplified using IGF-2-FW, CCCCCCTTCCTTCTCTTTCTT, and IGF-2-REV, GCGACAAGCCTACCTGCAA. Each reaction contained 12.5 pmol forward primer, 12.5 pmol reverse primer, and POWR SYBR Green PCR Master Mix (Applied Biosystems) according to manufacturer's instructions. Quantitative PCR was performed using an ABI7500 (Applied Biosystems). geNorm software was used to determine the most stably expressed reference genes. Of the candidate reference genes tested for porcine RNA, the transcript amounts of β-actin (actB) were the least variable between the different samples. geNorm combines expression data into a number representing stability of expression, where 1 represents the most stable gene. The level of expression of these reference genes was measured to control for variation in RNA-yield and reverse transcriptase reaction conditions. In each qPCR run, a standard curve was incorporated consisting of a vector containing a cloned PCR product of the target gene of that reaction. The standard curve consisted of seven 10-fold dilutions of the control vector. In this way, both the expression level of the target gene and the expression levels of external reference genes could be calculated from a standard curve. For each reaction, water was included in place of cDNA or template as a negative control. Analysis was performed using the ABI7500 Software (Applied Biosystems). Statistical analysis was performed with a 2-sided unpaired t test.
Statistical Analysis
Unless stated otherwise, ANOVA was performed using the PROC MIXED procedure in SAS (SAS Inst. Inc., Cary, NC), according to the following model: Y ij = μ + T i + e ij , in which Y ij is independent variable, μ is the overall mean, T i is the fixed effect of treatment (j = 1, 2), and e ij is the overall error term. The data regarding feces consistency were analyzed with a χ 2 homogeneity test of the GENMOD procedure with the same model.
RESULTS

Feed and Nutrient-Dense Complex Milk Replacer Uptake of Piglets
There were no differences in zootechnical parameters between the two groups of sows (Table 2 ). All piglets from the NDM group had ad libitum access to NDM from Day 1 until 21. Nutrient-dense complex milk replacer intake increased over time; the percentage of animals per litter that displayed green feces due to NDM intake increased from 7% in the first week to 87% in the third week. The amount of NDM that was consumed also increased as a function of time (Table 3) . During the first 2 wk, no significant differences in BW of piglets were observed between the treatment groups. However, on Day 21, piglets of the 2 treatment groups significantly differed in BW: piglets with access to NDM were 0.51 kg (8%) heavier at Day 21 (P = 0.046). In the period from 14 to 21 d, when NDM intake was maximal, piglets from the NDM group had significantly softer excrements (P < 0.05) compared with the controls.
Weight and Permeability of Gastrointestinal Tract
At Day 21, piglets were euthanized to study intestinal development in more detail. Piglets from the NDM 1 Estimated colostrum intake, BW, and NDM intake score of all the piglets in the trial (means [SEM] ). On the second line, in parentheses, are the data for the 15 piglets per group that were sacrificed during the experiment and analyzed in more detail.
2 NDM = nutrient-dense complex milk replacer. group had heavier small intestines (P < 0.05) compared with piglets from the control group; their small intestines also showed a tendency to be longer (P = 0.08). The relative weight:length ratio of the small intestine expressed in grams per centimeter intestine was significantly increased in NDM-treated piglets compared with the control piglets (Table 4) . No significant difference in permeability of the gastrointestinal tract (GIT) was found between the treatment groups, although the NDM group showed numerical lower permeability for both indicators (Table 4 ). In conclusion, the GIT of NDM-fed piglets was heavier and longer than that of control pigs.
Small Intestine Morphometry and Proliferation
The epithelial integrity of the villi of the NDM-fed piglets was comparable with that of the control piglets as determined by scanning electron microscopy ( Fig. 1) . To determine whether the observed increased small intestinal relative weight:length ratio in NDM-fed piglets was caused by an increase in villus height, which reflects luminal growth, histological slides of segments of the small intestine were examined and morphometrically analyzed (Fig. 2) . No differences in morphometric analysis of the villus height were observed in the jejunum (Fig. 2) or duodenum (data not shown). Nutrient-dense complex milk replacer-fed piglets had deeper crypts and a higher crypt height:villus depth ratio in the ileum mucosa compared with control piglets (P < 0.05). No differences were found in the relative mucosa length, that is, the length of the epithelium surface in relation to the serosa length, nor were differences in the number of goblet cells found (data not shown). To determine the proliferation activity in the mucosa of the jejunum and ileum, the expression of the cell proliferation marker PCNA was studied in the intestinal segments (Fig. 3) . The PCNA positivity relative to mucosa length (mm 2 / mm) was in majority measured in epithelial cells in the crypt area and was higher in the jejunum of NDM-fed piglets (P < 0.05). This suggests that the increased proliferation in the small intestine contributed to the increased relative weight:length ratio and circular growth rather than to an increase in villus length and luminal growth.
Gene Expression in the Small Intestine
Insulin-like growth factor 1 expression is required for achieving maximal growth (Agrogiannis et al., 2014) whereas IGF-2 is thought to be a primary growth factor required for early (fetal) development. Therefore, we tested whether gene expression of IGF-1 and IGF-2 differed in the jejunum mucosa of the different treatment groups. Insulin-like growth factor 1 was found to be expressed at higher levels in NDMfed animals (P = 0.07). No difference was found in the expression level of IGF-2 (data not shown).
Volatile Fatty Acids in the Colon
To determine if VFA levels were influenced by NDM feeding, the effect of treatment on VFA levels in the colon contents was studied. All tested VFA were present at a higher concentration in NDM-fed piglets compared with control piglets, whereas concentrations of acetate, proprionate, butyrate, and valerate significantly differed between the groups (P < 0.05; Fig. 4 ). Nutrient-dense complex milk replacer-fed piglets had significantly lower amounts of DM than the control piglets (17.2 vs. 20.9 mg/L; P = 0.018).
DISCUSSION
The observed increase in growth of piglets after 3 wk of NDM supplementation confirms previous findings describing beneficial effects on growth performance of liquid milk replacer before weaning (Azain et al., 1996; Wolter et al., 2002; Park et al., 2014) . This positive effect on weight is probably a consequence of increased availability of nutrients due to the NDM. Nutrient-dense complex milk replacer supplementation provides additional nutrients besides the sow's milk, especially later in lactation when sow milk production cannot adequately meet the needs of the litter to grow efficiently (Azain et al., 1996) . In our experiment, in (12) 1 Length, weight, and permeability of different segments of the gastrointestinal tract were determined and compared between NDM-fed piglets and control piglets.
2 NDM = nutrient-dense complex milk replacer.
the third week of lactation, nearly 90% of piglets consumed NDM, which underlines the desire of piglets in current production systems to have access to additional feed next to sow milk. The average input of NDM of 0.56 kg per piglet is accompanied by a nearly similar average weight gain of 0.51 kg per piglet, indicating that the weight increase is linked mainly to the energy intake. In our study, however, NDM supplementation not only provided additional nutrients to piglets to gain weight in the short term but also induced anatomical and functional changes in the intestinal tract. Here, we demonstrated that NDM supplementation before weaning stimulated small intestine growth with higher relative weight. The small intestine was heavier than the numerical increase of length could account for. This anatomical change was related to an increased proliferation of the small intestine. During development of the GIT, 2 different growth processes occur in time: cylindrical growth and luminal growth. Cylindrical growth is induced mainly by growth factors in breast milk and occurs during the suckling period, whereas luminal growth occurs mainly after weaning (Aust et al., 2013) . Cylindrical growth leads to elongation and widening of the intestinal tract by a massive enlargement of the small intestine without affecting microscopic morphology and epithelial renewal. This process is caused by intestinal proliferation and is characterized by deepening of the crypts, crypt hyperplasia, and crypt fission, that is, the multiplication of crypts (Cummins and Thompson, 2002) . Luminal growth occurs mainly from weaning onward. After weaning, substantial morphological and functional changes occur in the small intestine including a rapid shortening of villi and deepening of crypts (Tang et al., 2002) followed by a restoration of the intestinal structure and lengthening of villi a few days after. This process is characterized by elongated villi (Cummins and Thompson, 2002) . In our study, NDM supplementation led to an increased relative weight of the small intestine before weaning. This was not accompanied by increased villus length or an increase in relative epithelial surface. Figure 2. Morphopmetry of the jejunum and ileum of nutrient-dense complex milk replacer (NDM)-fed piglets and control piglets. Villus length and crypt depth was determined of the jejunum and ileum of NDM-fed piglets (white bars) and control piglets (black bars). The ratio depicts the ratio between villus height and crypt depth. Error bars indicate SEM; *P < 0.05; **P < 0.01.
However, an increased cell proliferation activity, that is, increased PCNA expression, was observed in jejunal crypts, whereas crypt depth differed only slightly in the ileum. This discrepancy of increased replication without the expected increased crypt depth (Drucker et al., 1996) led us to conclude that NDM supplementation led to increased or earlier cylindrical growth of the GIT, leading to an elongated gut with a wider diameter. In pig nutritional research, much emphasis is put on the luminal growth with increased villus height. The NDM-induced cylindrical growth will increase the mucosal surface, not due to increased villus height but due to increased mucosal surface and thus numerically increased numbers of villi. This enlargement in mucosal surface can facilitate a more efficient nutrient uptake and thereby play an additional role in the observed increased growth before weaning. Villus height can be easily influenced by pathogens, dysbiosis, shortage of intake, or nutritional imbalances that piglets might have to face in the early weaning period. Villus restoration and growth is generated from the crypt epithelium and stem cells in the crypt area. Therefore, we assume that the observed morphological changes of the gut that were induced before weaning will remain in the following period and allow more efficient restoration and regrowth of villi after damage due to stressors. After weaning, luminal growth will further increase the mucosal surface as part of normal gut development. Therefore, we expect that NDM supplementation will provide long-lasting benefits in the growth performance of piglets after weaning. The high amount of total fiber present in NDM is expected to prepare the piglets for the transition to dry nursery diets, thereby preventing the piglets from growth retardation.
Intestinal growth and development is regulated by several growth factors that are either present in milk or endogenously produced by the mucosal epithelia and that interact with specific mucosal growth factor receptors in the neonatal gut (Shen et al., 2014) . Insulin-like growth factor 1 is one of these growth factors that can potently increase the mass of small bowel epithelium and is positively regulated by luminal nutrients (Burrin et al., 1996; Bortvedt and Lund, 2012) . Crypt depth, villus height, and proliferation are typical preclinical parameters that are responsive to growth factors such as IGF-1. In our study, NDM-treated piglets showed no significant expression of IGF-1 in the intestine (P = 0.07), compared with the control animals, nor in glucagons-like peptide 2 (GLP-2), which regulates IGF expression (data not shown). Therefore, more extensive gene expression analysis is required to unravel the exact mechanism behind the beneficial effects of NDM supplementation.
Besides effects on the small intestine, NDM supplementation also induced significant changes in quantity and composition of VFA in colon ingesta, such as acetate, propionate, and valerate. The VFA profile of the colon is determined by the combination of resident microbiota metabolism and fermentable substrate. Nutrient-dense complex milk replacer is high in total dietary fiber that can be metabolized by the colonic microbiota and therefore might lead to changes in composition of the colonic microbiota or change colonic microbial fermentation due to availability of nutritional fiber. Butyric acid, produced within the intestinal lumen by bacterial fermentation of dietary carbohydrates, exerts a wide variety of effects on intestinal function. First of all, butyric acid is the preferred source of energy for colonocytes, leading to more energy availability. Butyrate also affects cellular proliferation, differentiation, and apoptosis (Roy et al., 2006) . Moreover, butyric acid has well-documented anti-inflammatory effects. It reinforces the colonic de- fense barrier by increasing production of mucins and antimicrobial peptides and decreases intestinal epithelial permeability by increasing the expression of tight junction proteins. We looked only for permeability in the small intestine and did not find significant differences, but numerically, NDM-fed piglets indeed showed a lower permeability. More study into the effect of NDM on these processes in the colon is required to understand how VFA are affecting gut health due to NDM intake. The extensive differences in VFA profiles between the 2 treatment groups strongly suggest changes in microbiota composition or microbial fermentation have been induced by NDM treatment because VFA are mainly bacterial metabolic products. This is most likely caused by the high amount of dietary fiber that is present in NDM that is metabolized in the colon by the microbiota.
In conclusion, NDM supplementation significantly increased BW of piglets in the first 3 wk of life and resulted in a significantly increased length and relative intestinal weight:length ratio of the small intestine. Morphometric analysis showed that this increase in relative weight could not be explained due to an increase of luminal growth. Villus height was unchanged between treated and control groups. However, an increase of proliferation was observed in the crypts of both the jejunum and the ileum as well as an increase of crypt depth in ileum tissue. Together, this indicates that proliferation in crypts is increased but does not lead to luminal growth of villi in the NDM-treated group. Therefore, NDM feeding seems to improve cylindrical intestinal growth rather than luminal growth in piglets and might increase the capacity of the intestine to more easily adapt villus growth to nutritional, weaning, or infectious disease stresses.
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